C 60 molecules were chemically coupled in the pores of porous Si through a coupling agent and then coated with a layer of Si, and followed by N 2 annealing. X-ray diffraction results indicate that the fabricated samples contain ␤-SiC particles which may exist in the pores, in addition to Si, SiO 2 , and graphite. The photoluminescence ͑PL͒ spectra show an asymmetrical broadband, which can be Gaussian divided into two bands at 380 ͑3.26 eV͒ and 454 ͑2.73 eV͒ nm. Spectral analyses and the experimental results from infrared spectroscopy and PL excitation measurements suggest that the 380 nm PL band is related to oxygen-vacancy defects in the SiO 2 matrix, whereas the blue PL band is closely connected with the ␤-SiC particles. Our experiments provide a way for fabricating stable blue-emitting ␤-SiC materials. © 2000 American Institute of Physics. ͓S0003-6951͑00͒02435-9͔
Silicon-based blue-emitting materials have attracted considerable interest in recent years because of the demand for optoelectronics. Many materials have been explored for blue emission. [1] [2] [3] [4] [5] [6] Among these materials, a-Si 1Ϫx C x :H recently has attracted interest because its optical band gap can be changed with the x content and, therefore, the emission wavelength can be expected to tune in a large range. 4 However, this material was generally fabricated below 300°C. So, its thermal stability needs to be improved. In high-purity silica glasses, blue emission was weakly observed at low temperature. 7 Recently, Si-implanted SiO 2 films thermally grown on Si substrates were reported to have roomtemperature blue emission related to oxygen vacancies induced by Si ϩ implantation. 6 The blue emission is stable at room temperature and in N 2 at about 600°C. For blue emission from porous ␤-SiC structures, although their intensities and stabilities are adequate, 3 The fabricated processes are still based on electrochemical etchings which are not compatible with Si planar techniques.
It is known that C 60 can be decomposed to produce active C ions under annealing over 800°C. If there is Si around these C ions, the C will react with Si to produce SiC. In view of this idea, a way to form SiC by annealing C 60 films on Si has been reported in detail. [8] [9] [10] [11] However, these SiC films have no light emission because the quantum-confinement effect is invalid in these materials. In this letter, we present a way for fabricating stable blue-emitting ␤-SiC by annealing C 60 chemically coupled in the pores of porous silicon ͑PS͒. Spectral analyses indicate that the blue emission is closely related to the existence of ␤-SiC particles.
PS samples were prepared from ͗100͘-oriented p-type Si ͑ϳ5 ⍀ cm͒ wafers by anodization in C 2 H 5 OH:HFϭ1:2 solution with a current density of 15-25 mA/cm 2 . PS layers with different porosities were obtained under an anodization time of 15-40 min. The diameters of the pores were estimated to be about 10-30 nm. C 60 molecules were chemically coupled in the pores of the PS through a coupling agent ͓͑CH 3 O͒ 3 Si͑CH 2 ͒ 3 NH 2 ͔. One end of the coupling agent is -NH 2 , which easily combines with the C 60 molecule by nucleophilic addition reaction. The other is -Si͑OCH 3 ͒ 3 , which has an affinity for Si treated with hydrolysis. The coupling experiments were as follows. First, as-made PS samples were immersed in a melt of ethanol for 24 h to prevent the samples from oxidization in air and followed the coupling agent ͑3-4 drops͒ dropping onto the sample surface. We expect that the coupling agent molecules were combined with the PS through hydrogen bonds. Second, the remaining uncombined coupling was washed away by toluene and the treated samples were then immersed in a solution of 2 ϫ10 Ϫ2 mg/ml C 60 /toluene for 24 h. In this process, some carbon-carbon double bonds in the C 60 molecules were broken and combined with -NH 2 groups ͑see Fig. 1͒ . Finally, to avoid forming a large area of SiC film, the free uncombined C 60 molecules in the pores of PS were fully washed away by toluene.
To prevent the C 60 molecules from escape during hightemperature annealing, a layer of Si film with thickness of about 1 m was coated on the C 60 -coupled PS by magnetron sputtering. Thermal annealing was performed in a controlled N 2 atmosphere at 1100°C for 100 min. This process decomposes both the coupling agent and C 60 molecules to form the expected SiC particles. 8 Photoluminescence ͑PL͒ and PL excitation ͑PLE͒ spectra were obtained on a Hitachi 850 fluorescence spectrophotometer. X-ray diffraction ͑XRD͒ spectra were taken on a Rigaku 3015-type single-crystal diffractometer using Cu K␣ irradiation with a wavelength of 0.154 nm. Fourier-transform infrared ͑FTIR͒ absorption measurements were run on a Nicolet 170SX spectrometer. a͒ Electronic mail: hkxlwu@netra.nju.edu.cn APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 9 28 AUGUST 2000 Figure 2͑a͒ shows two PL spectra with peak positions at 650 and 730 nm of as-made PS samples. The origin of these peaks was commonly accepted to be due to quantum confinement on Si nanocrystallites with different sizes. After chemically coupling with C 60 molecules, the two peaks consistently blueshift to ϳ610 nm ͓see Fig. 2͑b͔͒ . The 610 nm peak has been attributed to optical transitions in the SivO binding states at the surface of oxygen-passivated PS. 12 A typical FTIR absorption spectrum of the C 60 -coupled samples is shown in Fig. 3͑a͒ . An important feature of this spectrum is that the Si-O-Si vibrations at 460 and 1080 cm Ϫ1 are largely strengthened after C 60 molecules are coupled. In addition, the Si-H n (nϭ1 -3) vibrations at 2000-2200 cm Ϫ1 are weak, implying that the originally hydrogen-terminated surface has completely been modified due to the coupling with C 60 .
For the C 60 -coupled samples after Si coating and hightemperature annealing, a typical XRD spectrum is presented in Fig. 4͑a͒ . In addition to a great deal of graphite and SiO 2 components ͑oxygen in the sample comes from both the coupling agent and the Si-coated process͒, the annealed sample shows the existence of Si and ␤-SiC particles with identical ͑111͒ orientation. From the full width at half maxima ͑FWHMs͒ of the two diffraction peaks, we estimated their mean sizes to be more than 20 nm. 13 Figure 5͑a͒ shows the PL spectrum of the annealed sample. Obviously, the original PL peaks at 650 and 610 nm have been quenched. A broad asymmetric PL peak appears at about 450 ͑2.75 eV͒ nm. This peak can be Gaussian divided into two peaks at 454 ͑2.73 eV͒ and 380 ͑3.26 eV͒ nm. The 380 nm PL peak was frequently observed in Si oxide films prepared by magnetron sputtering. 14, 15 It has large intensity in our samples annealed around 1000°C, indicating that the peak cannot arise from optical transition of intrinsic EЈ defect centers. 15 To identify the origins of the two PL peaks, we examined the corresponding PLE spectrum, as shown in Fig. 5͑b͒ . For the 380 nm PL, it has a PLE peak at 308 nm, consistent with that caused by oxygen vacancies in crystalline SiO 2 . 16 Thus, this peak is related to the SiO 2 in our sample. For the blue PL, no similar PLE peak is observed, and thus it cannot have the same origin. In carbon-rich a-Si 1Ϫx C x :H films, there exists a blue emission at ϳ2.7 eV with a FWHM of 0.54 eV when xϷ0.7. 4 The blue PL has some characteristic infrared vibration bands at ϳ1250, ϳ1450, ϳ2050, and ϳ2900 cm
Ϫ1
. So the infrared spectrum of the annealed sample was examined, as shown in Fig. 3͑b͒ . Except for the 2050 cm Ϫ1 band, another three vibration bands are clearly observed. The 1250 cm Ϫ1 band, which is due to the symmetric bending mode of the CH 3 attached to silicon, 17 has a large intensity ͑as a shoulder͒. This result suggests that the blue PL may originate from an a-Si 1Ϫx C x :H phase. To clarify this point, the sample was further oxidized in O 2 at 850°C for 6 h. The PL measurement indicates that no blue PL peak was observed in the oxidized sample. The XRD result ͓see Fig.  4͑b͔͒ shows the absence of the ͑111͒ diffraction peak from the ␤-SiC. The FTIR result ͓see Fig. 3͑c͔͒ displays the presence of the 1250 cm Ϫ1 vibration band. These results indicate that the blue PL should not be associated with the a-Si 1Ϫx C x :H component. Similarly, the blue PL should not also be related to the nonstoichiometric suboxide SiO x , 1 because the corresponding vibration band at 1048 cm Ϫ1 can still be observed in the oxidized sample. From Fig. 4͑b͒, we can also rule out the graphite phase to be the origin of the blue PL. Therefore, the blue PL may arise from ␤-SiC particles. Since the ␤-SiC particles have a large mean size ͑Ͼ20 nm͒, the blue PL could not come from band-to-band recombination in the quantum-confined ␤-SiC particles. A possible mechanism is considered to be connected with defect states at the surface of the ␤-SiC particles or the interface between the ␤-SiC particles and the a-Si 1Ϫx C x :H matrix, because the blue PL does not show a noticeable shift in the samples fabricated with different porosities.
In summary, we have presented a way to fabricate stable blue-emitting ␤-SiC by annealing C 60 chemically coupled on PS. Spectral and structural analyses indicate that the blue emission is closely related to the surface of ␤-SiC particles. This kind of materials can be expected to have significant applications in optoelectronics.
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